Myoglobin isolated from red muscle of the shark H. portusjacksoni was purified by ion-exchange chromatography on sulfopropyl-Sephadex and gel-filtration. Amino acid analysis and sequence determination showed 148 amino acid residues. The amino terminal residue is acetylated as shown by mass spectrographic analysis of N-terminal peptides. There is a deletion of four residues at the amino terminal end as well as one residue in the CD interhelical area relative to other myoglobins.
Introduction
Earlier papers concerned with the amino acid sequences of the IX-and jJ-globin chains of the shark Heterodontus portusjacksoni Fisher et al. 1977) revealed differences in the length of peptide chain compared with those from other species, as well as considerable differences in amino acid sequence. In the present paper the isolation of myoglobin from the red muscle of this shark is described, as well as the complete amino acid sequence of the chain. The peptides isolated from enzyme digests of the chain have been purified and sequenced by the dansyl-Edman procedure. The considerable number of differences in amino acid sequence, approximately 85, from myoglobins of other species that have been sequenced necessitated the use of a range of proteolytic enzymes to obtain sufficient overlapping peptides to confirm the sequence deduced.
Although the amino acid sequences of many myoglobins are known this is the first fish myoglobin to be sequenced. From the number of differences in amino acid sequence compared with sequences of myoglobins from other species, and the evolutionary rate for myoglobins (Whittaker et al. 1978) , the date of divergence
Carboxymethylation of Myoglobin
The myoglobin (200 mg) was dissolved in water (5 ml) then 5 g urea, 0·5 ml 0·1 M EDTA and 0·35 ml 3 M tris, pH 8·5, were added and the pH adjusted to 8·5. Dithiothreitol (3·2 mg) was added to ensure reduction of any disulfide bonds that may have formed during the isolation of myoglobin. After 2 h at 37°C the myoglobin was carboxymethylated with 25 ,ul [2-14 C]iodoacetic acid (500 , uCi/ml, 57, uCi/, umol) , then after 15 min 15 mg iodoacetic acid and 15 mg tris were added to ensure complete reaction. The mixture was dialysed against water and freeze-dried.
Citraconylation of S-carboxymethylated Myoglobin
Citraconylation followed by tryptic digestion and fractionation on DEAE-cellulose was done as previously described (Whittaker and Thompson 1974) using 200 mg of carboxymethylated myoglobin. Samples of each fraction (25,u1 made to 0·5 ml with water) were taken for radioactive counting with 5 ml of the mixture of Butler (1961) . The fractions bulked were freeze-dried and decitraconylated in 30% (v/v) acetic acid overnight. After drying, the fractions were purified by peptide mapping.
Fractionation of Enzyme Digests
All enzyme digests were fractionated in a similar way, first by gel filtration. The tryptic digest was gel filtered on Sephadex G50 in 1 % (w/v) NH4 HC03 while Sephadex G25 and the same eluent were used for chymotryptic and staphylococcal protease digests. For peptic digests 5 % (v/v) formic acid was used as solvent on Sephadex G25. Each peak fraction from gel filtration was peptide mapped by paper ionophoresis at pH 6·4 (chymotrypsin and trypsin), pH 4·6 (staphylococcal protease), or pH 1·9 (pepsin) followed by chromatography in the second dimension with butanolpyridine-acetic acid-water (15 : 10 : 3 : 12 v /v).
Peptides were detected by 0·02 % (w/v) ninhydrin and, after washing in acetone, eluted and stored in 60% (v/v) pyridine.
Determination of the Blocking Group on the Amino Terminal of the Myoglobin Chain
Amino terminal fragments of the myoglobin from chymotryptic and staphylococcal digests of the chain were purified by washing with water through a column of sulfonated polystyrene (Bio-rad AG 50 x 2). The concentrated eluate was purified by paper ionophoresis at pH 6 -4 and chromatography in the second dimension with butanol-pyridine-acetic acid-water (15 : 10 : 3 : 12 v/v). The N-terminal peptides contained tryptophan and could be detected by ultraviolet light or Ehrlich's reagent. The chymotryptic fragment was eluted, dried, and examined in a Finnigan GC-MS 3200 with a solid probe. The staphylococcal protease fragment was treated with ethereal diazomethane to methylate free carboxyl groups before examination.
Dates of Divergence
Evolutionary rates of IX-, p-and myoglobin chains have been determined by Whittaker et al. (1978) using accepted point mutations (PAM units) per 100 residues for all comparisons of amino acid sequences. These rate constants were used in the equation t = PAM/2r, where t is the relative time of divergence, r is the evolutionary rate, and PAM units have been computed from the number of differences in amino acid sequence of myoglobins from different species compared with the shark as given in this paper. For IX-and p-globins comparative dates for the shark were calculated using the data of Whittaker et al. (1978) .
Results
As in previous papers, the tryptic peptides (Tp) are numbered from the N-terminus following the nomenclature for human myoglobin (Gerald and Ingram 1961) . The symbols A and B have been used where extra lysyl or arginyl residues have occurred in shark myoglobin. When lysine or arginine have not occurred in shark myoglobin the peptide has been given all the numbers of the corresponding human peptides.
Chymotryptic (Ch), peptic (Pe), thermolysin (Th) and staphylococcal protease (Sp) peptides are numbered sequentially from the N-terminal end. The letters A, Band C are added for fragments of partially split Sp peptides, while the letters N and C denote the N-terminal and C-terminal parts· of a Tp peptide that has been split by chymotryptic type activity.
Isolation of Shark Myoglobin
Better extraction of myoglobin from red muscle was achieved with dilute potassium cyanide solution compared with the 70% (w/v) ammonium sulfate used for other species (Hapner et al. 1968; Air and Thompson 1971; Fisher and Thompson 1976) , which tended to precipitate much of the myoglobin. The separation of the extracted material on sulfopropyl-Sephadex (Fig. 1 ) gave two fractions with absorption at 540 nm although only the second peak, with relatively stronger 540 to 280 nm absorption, stained for haem after Cellogel electrophoresis and proved to contain myoglobin. After concentration of the myoglobin peak it was further purified on Sephadex G75 (Fig. 2) to give a single band on Cellogel electrophoresis at pH 8·6. Disc gel electrophoresis at pH 8·9 showed two faint contaminants. These could be removed by chromatography on DEAE-cellulose at pH 9 but the additional time and handling required r,esulted in losses of myoglobin due to denaturation. For amino acid sequence work the product after gel filtration was sufficiently pure. The yield of myoglobin was approximately 0·25 % of muscle.
Amino Acid Composition
The amino acid composition agreed well with that expected from the sequence determined. The liberation of valine and isoleucine was not complete in 96 h at the temperature of hydrolysis, reflecting the presence of valylvalyl and isoleucylvalyl sequences. Mercaptoethanesulfonic acid has been recommended for hydrolysis to avoid destruction of tryptophan (Penke et al. 1974 ) but our results did not support its. non-destruction in extended periods of hydrolysis, such as in 96 h reported by Ambler (1976) .
A separate estimation of the cysteine content using the method of Ellman (1959) gave O' 8 mol/mol myoglobin. Cysteine has previously been reported in fish myoglobins by Tomita and Tsuchiya (1971) 
Determination of the Blocking Group on the Amino Terminus of Myoglobin
The chymotryptic acidic N-terminal peptide that was not adsorbed on sulfonated polystyrene had the composition Thrl .O GIU1'3 G1Yo'4 Trp(l) (Ehrlich positive). The contaminating glycine was probably due to pyrrolidonylglycine from the C-terminal sequence -Phe-Gln-Gly also split by chymotrypsin. The' mass spectrograph showed a significant peak at 144 corresponding to acetylthreonine. The staphylococcal protease acidic N-terminal peptide was purified and gave the composition Thr l . O Glu H Trp(l) (Ehrlich positive). The trace given by the gas chromatograph-mass spectrograph and its interpretation is given in Fig. 3 , where arrows indicate major mass ions. The major peak at 144 again indicated acetylthreonine, while the peak at 648 indicates a total mass + 1 and with other peaks observed confirms the structure acetyl-Thr-Glu-Trp-Glu with both residues glutamic acid.
Fractionation of Tryptic and Citraconylated-tryptic Pep tides
The tryptic peptides from myoglobin were purified by gel filtration on Sephadex G50 followed by peptide mapping of each peak fraction. For the tryptic digest of citraconylated S-carboxymethylated myoglobin fractionated on DEAE-cellu1ose, each fraction was decitraconylated and the peptides purified by the standard pH 6·4 paper ionophoresis-chromatography technique. Not all citraconyl peptides were isolated in a pure condition but amino acid analyses showed that Cit 1 was in fraction 2, Cit 2 in fraction 1, Cit 3 in fraction 4, and Cit 4 in fraction 3. 
Amino Acid Composition and Sequence of Pep tides
Amino acid compositions of tryptic peptides, including one fragment containing more than one tryptic peptide, and analyses on N-and C-terminal portions of Tp peptides split by chymotryptic activity were determined.
The sequence of the tryptic peptides is shown in Table 1 . Also shown in Table 1 is the designation and sequence of peptides obtained by digestion with other proteolytic enzymes. The composition of some of the key chymotryptic peptides, peptic peptides and staphylococcal protease peptides were also determined. In general the methods used for fractionation of peptides from these other enzyme digests followed those used for tryptic digests and the fractionation results are not described in detail.
Staphylococcal protease splits bonds following glutamic acid residues (Drapeau et af. 1972) . In our experiments some other residues were split but in general large fragments were obtained. Some of the largest fragments were insoluble, and after drying and dissolving in formic acid followed by dilution to 10 % formic acid, they were fractionated on a Sephadex G50 column in the same solvent. One pure peptide (Sp2) was obtained in this way; the other peaks were mixtures of peptides.
In Table 1 each residue identified by the dansyl-Edman procedure is shown. The residues are numbered from the N-terminal residue as 1, but homology indicates that this residue is equivalent to residue 5 in mammalian myoglobins, the shark myoglobin having only 148 residues. Also indicated in Table 1 is the helical and interhelical regions originally allocated on the basis of X-ray diffraction studies (Perutz et af. 1965) . There is a gap required in the interhelical CD region. This gap has been numbered 46 to preserve the homology with other myoglobins. This results in residues 47-149 having a number one more than the linear arrartgement in the 148 residues of the shark myoglobin.
Because ofthe relatively large number of differences in sequence it proved necessary . to examine many proteolytic enzyme digests to establish the sequence and the order of alignment of tryptic peptides. One result of this was that many peptide sequences were confirmed by several degradation experiments and the chances of errors were minimized.
The N-terminal peptide TplA was readily located on a peptide map by the Ehrlich stain for tryptophan. It is acetylated and not capable of degradation by the Edman method. Its amino acid sequence could be deduced from the staphylococcal protease peptide (Spl) identified by mass spectrometry, and from chymotryptic peptides ChI, Ch2 and Ch4. This also gave an overlap with the next tryptic peptide TplB,2N. As a result of chymotryptic-type activity this tryptic peptide did not contain the C-terminal basic amino acid, which was present in a split product TplB,2C. The large purified Sp2 peptide gave an amino acid analysis that enabled deduction of the sequence 1-34. There were two glutamic acid residues in this peptide that were not split by the protease. One was a Glu-Pro sequence and the other a glutamic acid residue surrounded by basic amino acid residues. The former sequence has been reported to be resistant to digestion (Austen and Smith 1976) .
The section of the chain, residues 35-58, included many small tryptic peptides, with a different location of some basic residues compared with other myoglobin sequences. As shown in Table I these small peptides were readily sequenced and chymotryptic (Ch8, Ch9, ChlO) and peptic (Pe8, Pe9, PeW) peptides provided COlD DIE 45 50 55 60 65 lIe ---Pro-Val-Gln-Gln-Leu-Gly-Asn-Asn-Glu-Asp-Leu-Arg-Lys-His-Gly-Val-Thr-Val-Leu-Arg-
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----.::.. j--2>. ----l>. ----.::.. ----.::..1' Sp7A Sp7B Sp8A Tp Sp8 adequate overlaps. Citraconylated fragment Cit2 and staphylococcal protease fragments Sp3A, Sp3B, Sp4 and SpSA confirmed the ordering of the Tp peptides. Peptide SpSA indicated that with our sample of staphylococcal protease splitting at an arginine residue was occurring-an unexpected cleavage which was apparently complete. In this section of the chain homology with other sequences suggests that a gap occurs in the CD region. It has been placed at CD8 with a following prolyl residue at DI, since proline occurs in several p-globins at Dl. For residues 59-77 there is strong homology with other myoglobin sequences and adequate overlaps to the preceding sequence in peptides Chl3 and Sp5A. The overlap to Cit4 is given by Chl5 and Pe14. The peptides Sp5C and Sp5D as well as Chl7 and Chl8 helped order the Lys-Gln-Lys-Gly-Lys-area, where GIn is unusual in that there has been an invariant -Lys-Lys-Lys-Gly-sequence in other myoglobins. Further evidence came from the partial cleavage in this area that resulted in the tryptic peptide Tp12,13 + 14A + 14B.
The region of the chain comprising residues 78-98 was easily arranged in the correct sequence from the Tp peptides and good overlap of peptides Ch17, Ch21, Ch22 and Ch24, as well as from Sp5C, Sp5D and Sp5E. Partials plitting ofthe Lys-Ile bond gave Tp16+ 17 which confirmed their order in the chain, and the analysis and sequence of Ch25 gave the N-terminal Asn-Phe of the following Tp peptide, Tp18A.
The peptide Tp18A proved difficult to isolate. Due to its insolubility at pH 6·5 it remained as an insoluble zone at the origin of peptide maps. It could be recovered by elution with 100 % formic acid, and it then sequenced in a straightforward manner to extend the sequence to residue 109.
The longest tryptic peptide Tp18B,19 comprises residues 110-129 and was only partially soluble at pH 6· 5. It contained the three methionine residues which, during amino acid analysis of peptides isolated by paper techniques, were detected mainly as methionine sulfoxide and sulfone. The sequence of the peptide was determined directly for seven residues, and completed from the sequence of smaller chymotryptic, peptic and staphylococcal protease peptides shown in Table I . This grouping of the methionine residues, as well as the presence of a Met-Thr sequence that tends to be incompletely cleaved by CNBr (Schroeder et al. 1969 ) and the Met-GIn sequence that following CNBr cleavage can form an N-terminal pyroglutamyl residue, made cyanogen bromide cleavage less useful as an initial method of fragmentation. A limited study with fractionation on Sephadex G25 in 5 % formic acid gave the small peptide corresponding to residues 115-123 with the uncleaved bond involving threonine, with a good analysis except for non-quantitative homo serine. The smaller peptides corresponding to residues 115-119 and 120-123 were also obtained.
The remaining tryptic peptides were readily sequenced and placed in order by the overlapping peptic peptides Pe28, Pe31, Pe33 and Pe34, as well as Sp9. The C-terminal Tp peptide contains no basic residue, and is strongly homologous to other myoglobin C-termina1 peptides.
Amino Acid Sequence of Shark Myoglobin
The complete amino acid sequence of shark myoglobin is shown in Table 1 with the amide groups assigned to particular residues. These assignments were made predominantly by ionophoretic mobility at pH 6·4 (Sanger et al. 1955; Ambler 1963; Offord 1966) , supplemented by the evidence from the specificity of staphylococcal protease for glutamic acid residues. The peptides and basis for assignments are included in the supplementary data. *
Estimation of the Shark Date of Divergence
The number of amino acid differences between myoglobins of known amino acid sequence are shown in Table 2 . It is seen that the number is approximately 85 for all comparisons. The amino acid differences were converted to PAM units per 100 residues using the formula of Dayhoff (1972) to allow for multiple mutations. These PAM units are also shown in Table 2 .
The protein evolutionary rate per arm (r) was recently determined by Whittaker et al. (1978) for comparisons of globin sequences by the formula r = PAMj2t, where t is the relative palaeontological estimate of divergence date. For myoglobins r was calculated to be o· 108 ± O· 011 (n = 92).
Dates of divergence of the shark H. portusjacksoni from other vertebrates were computed using the above mean r value, and the number of amino acid differences between shark and the other vertebrate species converted to PAM units, with
For the animals listed in Table 2 the time since divergence was 450 ± 16 million years (n = 15). No significantly different estimate (445 ± 16) was obtained if all known myoglobin sequences were included rather than the abbreviated number in Table 2 , which show 10 % or more difference in amino acid sequence. For shark myoglobin with a loss of four amino acids from the N-terminal end this was counted as only one difference, i.e. one genetic event.
Discussion
In determining the amino acid sequence of shark myoglobin we used pooled samples of red muscle from different sharks. This was due in part to the limited amount of red muscle in a single shark, but also because of the uncertainty of further * Supplementary data to this paper are deposited with and can be obtained from the Editor-in-Chief, Editorial and Publications Service, CSIRO, P.O. Box 89, East Melbourne, Vic. 3002. The data deposited contain the following material: amino acid analyses of shark myoglobin; peptide map and amino acid analyses of tryptic peptides; elution profiles for tryptic, citraconylated-tryptic and insoluble staphylococcal protease digests; amino acid analyses of some chymotryptic, peptic and staphylococcal protease peptides; peptides and their net charge used for assignment of side chain amide and acidic group~.
supplies, since H. portusjacksoni migrates from the Sydney area to cooler waters from late spring to early winter. Despite the use of pooled samples no variations in sequence at particular positions were found, other than a limited amount of deamidation. Partial loss of amide groups has been reported by others working on myoglobin (Edmundson 1965; Satterlee et al. 1969; Romera-Herrera and Lehmann 1~74) and results in peptides appearing in two positions, the minor one representing the deamination product. Residues 70, 74, 91, 146 and 148 were involved in these deamidations, which probably occurred during the preparative procedures (cf. Romera-Herrera and Lehmann 1974). Table 2 . Amino acid differences between myoglobins The matrix of observed amino acid differences between myoglobin sequences compared over 156 residues is shown in the upper triangle. PAM units per 100 amino acids compared are shown in the lower triangle. Shark myoglobin lacks four amino terminal residues; this has been taken as a single genetic event and counted as one difference only for the first four residues t' Shark myoglobin proved to be only 148 residues in length with four residues missing .at the N-terminus and a deletion, which has been placed at CD8 relative to other myoglobins. Since shark myoglobin is from a more primitive animal it could be that insertions have occurred in the coding DNA for subsequent species.
The shark H. portusjacksoni evolved relatively soon after the duplication of the gene that resulted in separate 0(-and p-globin genes, and therefore it is of interest to compare the similarities and differences in amino acid sequence between the myoglobin, 0(-and p-globins. This shark has continued to exist in the same ocean habitat since it evolved and, with the exception of the cyc1ostomes, is probably the most primitive fish alive. Certainly there are many changes in the amino acid sequence. In 33 animals with myoglobins of known sequence there were 66 invariant residues; inclusion of sharks in the comparison reduced the invariant number to 37. Table 3   Table 3 .
Comparison of the amino acid sequence of shark myoglobin with that of human, sperm whale, kangaroo, platypus and chicken myoglobin The helical regions A-H are indicated with the positions in the helix numbered; similarly shown are the interhelical regions AB, CD, EF, G and GH, whilst NA denotes the N-terminal section and HC the C-terminal section. The one-letter code and alignment of chains follows Dayhoff (1972) . The sequence of human myoglobins is given in full, with dashes for deletions relative to other globins listed by Dayhoff (1972 GDF GADAQGAMN
shows a limited number of sequences for comparison and focuses attention on the greater number of changes in shark myoglobin. If the tertiary structure of the shark myoglobin is the same as that of the sperm whale (Watson 1969) then there have been few changes in the 14 residues designated as haem contacts by Perutz (1976) . The most striking changes are at G4, normally Tyr or Phe with Asn in shark; and at G5 with invariant Leu in other species but Phe in: shark.
In later day animals there are 13 residues involved in seven salt bridges that help to stabilize the secondary and tertiary structure (Romera-Herrera et al. 1978) . Four of the seven are missing in shark compared with one missing in birds, monotremes and marsupials. It must be assumed that evolutionary changes in the myoglobin have progressed toward this increased stability in most animals. Similarly it is found that some intersegmental hydrogen bonds normally present in myoglobins, such as those involving B7 and C7, are missing in shark. Romera-Herrera et al. (1978) plus myoglobin from fruit bat, killer whale, echidna, platypus, rabbit and pig. The IX-globins included those listed by Whittaker et al. (1978) plus IX-chain rhesus monkey and slow loris (Dayhoff 1972) . The ft-g1obins included those listed by Whittaker et al. (1978) plus ft-chain from rhesus monkey, spider monkey, slow loris and sheep (Dayhoff 1972 In Table 4 are listed residues present in shark myoglobin that are unlike residues in those positions in other myoglobins but are the same as residues occurring in those same helical or interhelical positions in 0(-or fJ-chains. The large number of residues listed indicates a strong conservation of these residues in the 'living fossil', possibly since the duplication of the gene leading to separate myoglobin and the precursor of present day 0(-and fJ-globins, an event placed approximately 1000 million years ago (Dayhoff 1972 ).
Included in the list are residues G4 and G5 previously mentioned as contact sites for haem that are different from the previously determined Tyr (or Phe in marsupials) and invariant Leu respectively. Of the replacement residues G5 Phe has been invariant as Phe in all the IX-and p-chains, while G4 Asn has been invariant Asn in all the IX-and p-chains except for the shark p-globin where it is Ser. It is of interest to note that G4 Asn is a most important hydrogen bond contact site in p-chains, that stabilizes the oxy conformation (Morimoto et al. 1971) . When it is mutated in abnormal human haemoglobins to a Thr (Hb Kansas, Bonaventura and Riggs 1968) or Ser (Hb Beth Israel, Nagel et al. 1976 ) the oxygen affinity drops dramatically. In shark p-chain the G1 Asp that normally hydrogen bonds to the G4 in oxyhaemoglobin is present, and the residues in IX-and p-chains that hydrogen bond to stabilize the deoxy conformation are the normal IX C7 Tyr and p G 1 Asp. It might be expected on the basis of these changes that shark haemoglobin would have a low oxygen affinity, but the values.for P 50 and n, the Hill coefficient, are close to normal (Nash 1976) .
Other striking changes are at C2 which has been invariably Pro but is Lys in shark myoglobin; E13 where the usual Ser or Theis Arg in shark; and EF1 where there is a GIn in shark in the usual Lys-Lys-Lys sequence characteristic of all vertebrate myoglobins.
In previous papers Whittaker et at. 1978) we have drawn attention to the differing estimates of dates of divergence of monotremes from eutherian mammals depending on whether IX-, p-or myoglobin chains are used for calculations, a discrepancy that probably reflects varying rates of mutation of the different chains in particular lineages. In using amino acid sequences for calculations of evolutionary times since divergence there is an assumption of constancy of evolutionary rate, between taxa, in the protein being used. The results of other workers (e.g. Romera-Herrera et at. 1973; Wu et at. 1974; Goodman et at. 1975) as well as our own results do not support this assumption. Nevertheless when similar calculations are made with the IX-, p-and myoglobin shark data using the evolutionary rates per arm that were calculated by Whittaker et at. (1978) These results show much more agreement, and probably reflect the long period during which these globins have evolved.
